When pneumotachography is used during intermittent positive pressure ventilation (J P PV), the design of some differential pressure transducers can cause measurement errors. These errors may be avoided by using differential pressure transducers which have small, equal chambers free from temperature sensitive electrical elements. Few of the transducers which are sensitive enough for clinical use fulfil these requirements.
INTRODUCTION
It is widely recognized that pneumotachography may be subject to errors due to changes in gas composition, pressure and humidity at different stages in the respiratory cycle. These errors may be calculated from the gas laws and, for many applications, are small (Grenvik, Hedstrand and Sjogren 1966) . For other applications, notably when intermittent positive pressure ventilation (IPPV) is used, the errors may be significant and some form of correction may be necessary . Although in practice correction may be cumbersome and difficult to apply due to the changing conditions throughout the cycle, in principle these errors may be corrected with reasonable accuracy.
Such correction, however, is futile unless the measuring instruments used can produce results of comparable accuracy. This paper points out some shortcomings in pressure/flow measuring systems commonly used in pneumotachography. These appear to have received little attention.
Measuring errors in pneumotachography due to pressure transducer design and function were first reported by Kafer (1973) Kafer (1973) . (a) Testing the complete flow measuring system. (b) Testing the differential pressure transducer only. Pressure Transducers. In these tests, ramp increases in pressure were applied simultaneously to the two sides of the pneumotachograph, using the configuration shown in Figure l{a) .
Under these conditions, the differential pressure transducer registered a spurious flow signal which Kafer (1973) found to be proportional to the rate of pressure rise. The error was explained by Kafer in terms of the difference between the two time constants which are associated with the capacitances of the transducer chambers and the flow resistances into the chambers. Kafer (1973) also reported a spurious flow signal when the same pressure transient was applied directly to the two differential pressure transducer ports, rather than through the pneumotachograph ports. This latter configuration is shown in Figure l(b) . The spurious signal was again thought to be due to time constant effects. Kafer did not state the magnitude of the error in the latter tests; consequently, her ,esults did not completely identify the source of the error. Whilst it is clear that at least part of the error is due to the system comprising the pressure transducer chambers, ports and connecting lines, the possibility of further error due to the pneumotachograph ports cannot be ignored.
In a more recent paper (Abrahams et al. 1975) , we investigated the magnitude of the instrument errors which may occur when pneumotachography is used in conjunction with IPPV. Using a model lung, Fleisch pneumotachographs and various differential pressure transducers, we tabulated the instrument errors for a range of positive pressures over a wide range of respiratory frequencies. The work was intended to have particular application to the measurement of respiratory impedance in infants by the forced oscillation method (Du Bois et al. 1956) , so that relatively high frequencies (5-10Hz) were of interest. The results showed that very large and unexpected errors mav occur. These errors were found to be associated with the various differential pressure transducers used, but it was not possible to determine the precise sources of the errors. For most of the transducers tested, the magnitude of the errors depended on the change in system pressure, as well as on the respiratory frequency.
Thus further investigation, focused on the differential pressure transducer, was needed to determine the causes of measurement error and the ranges of pressure change and frequency for which various transducers are suitable. Three aspects of this investigation are now presented:
1. The measuring system frequency response and its relationship to Kafer's timeconstant hypothesis.
2. The effects of using differential pressure transducers with large chamber volumes (loading effect). 3. Errors due to uneven heating and cooling of the wire strain gauges in some transducers (hot wire effect).
FREQUENCY RESPONSE OF THE FLOW-

MEASURING SYSTEM
Theory.
The time constant theory advanced by Kafer (1973) to explain the errors associated \\'ith the differential pressure transducer can be tested experimentally by determining the frequency response of the appropriate portion of the flow measuring system. T=RC. For any time constant element, the frequency response (i.e. the response to sinusoidal excitation) is as shown in Figure 3 . For the present purpose, we consider a pneumatic element, for which we measure pressure in the input line and in the pneumatic capacitance (output pressure). The ratio of these two pressures is the " gain" of the system: output pressure amplitude Gain input pressure amplitude At low frequencies, the pressure in the capacitance" follows" the input pressure. At higher frequencies, there is insufficient time for equilibrium to be achieved and the pressure amplitude in the volume becomes smaller than the input pressure amplitude. Thus the gain of the system decreases as the frequency
Dt.£NSIONLESS FRECIl£NCY, wT (RADIANS) increases. The changes in pressure in the capacitance also lag behind the input pressure fluctuations, as shown by the lagging phase angle in Figure 3 . When the frequency of the pressure fluctuations becomes very high, the gain of the element drops to zero (due to the output amplitude dropping to zero) and the phase angle asymptotically approaches 90°. The significance of the time constant T is also shown in Figure 3 . At the break-point or " corner" frequency, which may be thought of as the division between the "high frequency" and" low frequency" response, the relationship between T and the radian frequency w is w T =1, where T is the time constant in seconds and w is the frequency in radiansj second. The time constant model is essentially a lumped parameter approach, i.e. one in which the resistance and capacitance are assumed to be concentrated at points, rather than distributed over the whole or part of the system. Whilst this approach is valid for many electrical circuits, the underlying assumptions may easily be violated in pneumatic systems. A length of pneumatic tubing, for example, possesses pneumatic resistance, capacitance and inductance for each element of tube length. This fact, coupled with the relatively slow propagation speed of pneumatic signals, may require the use of a distributed parameter model to predict system response. The analysis also assumes a linear system, i.e. one in which changes in signal amplitude do not effect the response of the system. This assumption, too, may be violated in pneumatic systems due to the nonlinear behaviour of pneumatic resistances.
Within the limitations stated in the preceding paragraph, however, the above theory may be applied to Kafer's assumed time constant element. A comparison of the experimentally determined frequency response of the element shown in Figure l Figure 3 should then enable the value of the time constant to be determined. This, in turn, would allow an estimate to be made of the frequencies for which accurate readings could be expected.
Method.
Tests were carried out using a Fleisch No. 00 pneumotachograph and a Devices UPl * differential pressure transducer. For this transducer, the active chamber is stated by the manufacturer to have a volume of 18 ml, whilst the reference chamber was found by calculation to have a volume of approximately 42 ml. In order to test the effect of balancing the chamber volumes without introducing long lengths of tube, an additional chamber of 24 ml volume was made, which could be attached to the active chamber when required. The arrangement is shown in Figure 4 . The system under test comprised one measuring port of the pneumotachograph, a connecting line of 3 mm inside diameter and the active chamber of the differential pressure transducer. Connecting lines of lengths from 0 ·05 m to 1·0 m were used, and chamber volumes of both 18 ml and 42 ml were tested. The second port of the pneumotachograph was blocked off and the reference chamber of the differential pressure transducer was opened to the atmosphere. The sinusoidal pressure fluctuations were generated by a mechanical pump. measurement, (approximatelv :!.;) cm H 2 0 peak to peak) and the resulting fiows did not exceed the normal linear operating range of the pneumotachograph head. In these tests, no account was taken of anv possible" loading" effect which the transducer might appl\' to the pneumotachograph ports. The reference transducer (Figure 4 ) measured the actual pressure changes which occurred in the pneumotachograph and the response of the Figure 4 .
-different line lengths.
of the flo\\' The effect of Devices transducer was compared with this reference signal, adjusting the gain of the electrical amplifiers so that the two transducers generated equal yoltage signals (0 db) at yery low frequencies.
Results.
The results for two different line lengths with a chamber volume of 18 ml are given in Figure 5 . For both line lengths, the same general trend is evident. The response of the system was fiat at the lower frequencies, rising first to a resonant peak of 1:!-13 db and then dropping at higher frequencies, with phase lag increasing to 180°.
;;: For the 0 . Of) m connecting line, the resonant frequency was 100 Hz and fiat response was obtained helow :.!;j Hz, whilst for a 1·0 m line, the resonant frequency occurred at 3fi Hz and fiat response could be obtained only up to 8 Hz. Figure {j shows the effect of changing the actiye chamber yolume to 4:.! 1111. The increased yolume resulted in a smaller resonant peak, but ,L somewhat decreased frequency response. Thus, for a connecting line o·:! m long, an actin chamber of 18 ml resulted in a resonant peak of l:~ db, occurring at 87 Hz, while an active chamber of approximately 4:! ml, with conditions otherwise the same, resulted in a peak of 10 dh at {j:'! Hz.
,-lllaes/hesia alld /1I/l'Jlsive Care, 1-"01. I', .vu, 1, February, J!J77 Discussion. From these results, it is clear that the system comprising the pneumotachograph port, the connecting line and the differential pressure transducer chamber does not respond as a simple lumped parameter time constant element. The observed response is due to a more complex distributed parameter system, consisting of a volume terminated transmission line, in which wave transmission and reflection dominate the response (Goldschmied 1970) . It is also clear that, provided the connecting lines are kept reasonably short, dynamic effects due to the volume terminated line are significant only at frequencies well above those which are normally of interest in pneumotachography.
Hence, Kafer's time-constant explanation of the errors due to the differential pressure transducer must be discarded and some other explanation of the flow measuring errors must be sought.
LOADING EFFECT OF THE PRESSURE TRANSDUCER CHAMBERS
The pressure measunng ports of the Fleisch pneumotachograph are connected to an annulus contained within the body of the pneumotachograph. The annulus communicates with the laminar flow region through a series of small holes, equally spaced around the annulus. This arrangement, known as a piezometel ring, averages the pressure acting over the crosssection and thus obtains a more reliable reading. For a true pressure reading to be obtained, there must be no flow into or out of the annulus; under these conditions, there is no disturbance of the laminar flow and the presence of the measuring instrument has no effect on the pressure in the pneumotachograph.
True static readings may be obtained when pressure measUling instruments with large chamber volumes are used, provided sufficient time is allowed for pressures to equalize, i.e., for flow through the measUling ports to cease. For time varying pressures, however, the range of conditions for which accurate readings may be obtained is a function of the rate of change of absolute pressure at the pneumotachograph. Assuming pressure changes which are periodic and of approximately sinusoidal waveform, both the magnitude of the pressure change and its frequency will be significant parameters in determining the loading effect of the various transducer chamber volumes.
The expected measurement error for various chamber volumes is difficult to calculate and these errors are best measured directly.
Method. Figure 7 shows the experimental system used for testing the loading effect. Sinusoidal variations in pressure were produced by a mechanical pump. * The volume of the model lung (800 ml) was chosen so that the linear range of the pneumotachograph was not exceeded during the tests. The Greer Micromanometer Model M3t has been shown (Abrahams et al. 1975 ) to be free from artifact for the conditions encountered during IPPV. It has small chamber volumes (1' 2 ml each) and, since it uses a reflective diaphragm, has no electrical components within the chambers. This instrument was connected by very short lines and was assumed to cause negligible loading of the pneumotachograph ports. Hence the reading with only the Greer instrument connected was assumed to be the " true" flow reading. The system was arranged so that either one or both chambers of the Devices pressure transducer could be connected as required to the pneumotachograph ports, i.e., in parallel with the Greer mrcromanometer. The " observed" flow reading was also made on the Greer micromanometer, with various combinations of the Devices transducer chamber Anaesthesia and Intensive Care, rot. v, Xo. 1, February, 1977 connected. The" observed" reading was thus independent of measuring errors in the Devices transducer itself, so that the ratio of observed flow reading/true flow reading represents simply the error in flow reading caused by the presence of the Devices transducer chamber.
Results.
The error was first investigated for a range of system pressure fluctuations. The results of the first series of tests are shown in Figure 8 . For these tests, a constant frequency of 1· 0 Hz was used and only one chamber of the Devices transducer was connected at any time. \Nhen the system pressure fluctuation was small, the loading error was very sensitive to small changes in pressure amplitude. At larger system pressure fluctuations, the curves flattened and the error appeared to approach a maximum value. As might have been expected, connecting a Devices transducer chamber to the upstream (i.e. pump side) port decreased the amplitude of the measured signal, whilst connecting to the downstream side increased the measured amplitude. Upstream connections also produced slightly larger errors than similar downstream connections.
The effects of changes in chamber volume are also shown in Figure 8 , the 18 ml chamber causing an error rather more than half that for the 42 ml active chamber. It is also apparent from the graph that the attempts to match the active and reference chamber volumes at 42 ml have been only partially successful. From these results, the effective volume of the reference chamber appears to be greater than the 42 ml originally calculated.
The results of tests with both chambers of the Devices transducer connected are given in Figure 9 . The standard reference chamber of approximately 42 ml volume was one of the chambers used in each case, in conjunction with an active chamber volume of either 18 ml or 42 ml.
In this test, the errors due to upstream and downstream connections tend to cancel and the observed flow errors are smaller than for the single chamber connections of Figure 8 . The error curves in Figure 9 are in fact very close to those obtained by algebraically adding the appropriate curves of Figure 8 . The results show that a transducer with both chambers approximately equal to 42 ml causes less error in measurement than onc with volumes of 18 ml and 42 ml respectively. Extrapolating the data from Figure 9 suggests that a transducer with accurately balanced chambers (volumes somewhat greater than 42 ml) would produce readings falling approximately along the dotted line of Figure 9 . In other words, it does not appear to be possible to achieve accurate readings by balancing the chambers when the chambers are as large as 42 ml. Further, the error in measurement, even with the accurately balanced chambers, is not constant, but appears to increase slightly with increase of system pressure amplitude.
The loading effect of the Devices transducer was also found to be frequency dependent. In Figure 10 , the loading error is plotted against frequency for a system pressure fluctuation of 25 cm H 2 0 peak to peak, with one chamber of the Devices transducer connected. The results for the 18 ml active chamber were not obtained, but these are expected to be similar in shape to those for 42 ml and deviating roughly half as far from the true readings. The results under actual measuring conditions, with two transducer chambers connected, are plotted in Figure 11 . For each test, one chamber was the Devices transducer reference chamber and this was tested in conjunction with both the 18 ml and 42 ml active chambers. The transducer with unbalanced chamber volumes (18 ml and 42 ml) was again found to cause serious error in flow measurement. Whilst a transducer with approximately equal chamber volumes (42 ml) gives more accurate results, the errors may still be quite significant. Extrapolating the results, as in Figure 9 , suggests that a transducer with accurately balanced chambers would give results falling along the dotted line of Figure 11 , i.e., an error which may be of quite significant size and one which is frequency dependent.
Discussion.
The small differential pressures generally encountered in pneumotachography make it difficult to choose a suitable pressure transducer. Usually, the most pressing need is for sufficient sensitivity. To this end, the chosen transducer is frequently a diaphragm or bellows type, having a large sensing area and, almost certainly, large and unequal chamber volumes.
Whilst in electrical or electronic circuits the effect of a low impedance instrument are well known, difficulties arising from the use of a low impedance pneumatic instrument may not always be appreciated. The work reported above quantifies the errors from this source for one particular differential pressure transducer.
Primarily, the clinician is interested in obtaining pressure and flow measurements with minimum error; Figures 9 and 11 , giving the nett error with two transducer chambers connected, are thus of more immediate interest to him. However, Figures 8 and 10 , for one chamber connected, are also relevant, because they enable the severity of the loading effect to be appreciated.
From the latter figures, it can also be seen that the loading error becomes significant at quite low system pressure amplitudes and cyclic frequencies-well within the ranges encountered during routine IPPV. The reason for the loading error tending to a constant value at high pressure amplitudes and high frequencies could not be ascertained with certainty, but may well be due to some "saturation" effect in the region of the piezometer ring. The data in Figures 8 and 10 show that a given transducer chamber connected to the upstream pneumotachograph port causes a greater error than the same chamber connected downstream. This is almost certainly due to the presence of the sinewave pump which, in conjunction with the resistance of the pneumotachograph, causes a slightly greater pressure swing at the upstream port.
A.E. CHURCHES ET AL.
The fact that the loading errors vary with both pressure amplitude and frequency confirms our earlier statement that these errors depend only on the rate of change of pressure. However, this is an over-simplification, since the curves of Figures 8 and 10 indicate marked nonlinearity and possible" saturation" effects.
For transducers having large and unbalanced chamber volumes, the increased measuring accuracy that can be achieved by balancing the chambers is shown in Figures 9 and 1l . The dotted lines in these two figures indicate the minimum error that could be expected using perfectly balanced chambers of the order of 42 ml each. This error is significant for many applications and, since it varies with pressure amplitude and frequency, no simple correction can be applied. Therefore, we suggest that the use of a pressure transducer with large chamber volumes, vvhether balanced or unbalanced, is unacceptable for pneumotachography with IPPY.
Our data obtained in this work do not allow a prediction to be made on " safe" or .. allowable" transducer chamber volumes for use in pneumotachography with IPPV. All that can be said at this stage is that the transducer should be balanced and the chamber \'olumes should be much less than 18 ml.
HOT \\'IRE EFFECT Tlleon'.
When a thin wire is eiectricalh' heated and placed in an air stream, the heat flux from the wire depends strongly on tl1(' velocity of the air Changes in resistance can readily be measured and this system forms the basis of onc type of hot-wire anemometer. Such a system is characteristically extremely sensitive at low air velocities and tends to "saturate" at high velocities due to limitations on the rate of heat flux from wire to air. In pressure transducers utilizing unbonded strain gauges, the thin strain gauge wires are located in the reference chamber and comprise a \Vheatstone bridge circuit. These wires may be cooled by air entering or leaving the chamber. Depending on the location of the reference port, the airstream may impinge unequally on the TEE PIECE
SINUSOIDAL PRESSURE GENERATOR
FIGI'RE 13. Schematic diagram of the experimental s\"stem u'C·d to measure the total hot-wire effect in . the lk\"ices transclucer.
wIres causl11g a change in resistance and imbalance of the bridge. This imbalance produces a spurious voltage signal from the bridge which the user will interpret as a change in differential pressure. However, the spurious signal is a function, not of the differential pressure between the two transducer chambers, but of the velocity of the air flowing through the reference chamber port. The air velocity is, in turn, a function of the rate of change of absolute pressUle within the system.
Jlcthod.
A. Devices l'Pl pressure transducer was partially dismantled to expose the strain gauges and three of the four strain gauges were temporarily replaced by J watt resistors of the appropriate value. The remaining strain gauge was then subjected to various air velocities in a wind tunnel. This arrangement is shown in Figure 1~ . Febr1tary, 1977 Whilst the preceding test allows the existence of the hot wire effect to be demonstrated, it cannot in itself be used to predict errors in the complete transducer. Accordingly, the Devices transducer was reassembled and tested as shown in Figure 13 . In this test, the same sinusoidally varying pressure was applied simultaneously to the active and reference ports, using an active chamber volume of 42 m!. The error was measured for a range of pressures and frequencies.
Results.
The results for the first test, to determine the hot-wire effect in a single strain gauge, are presented in Figure 14 . At low air velocities, the bridge output voltage was found to be very sensitive to changes in velocity, whilst at high velocities the bridge output reached a constant, maximum value which depended on the bridge excitation voltage. For the range tested, the maximum output voltage was approximately proportional to the square of the excitation voltage.
The results for the second series of tests, in which the same sinusoidally varying pressure was applied to both chambers of the transducer, are given in Figures 15 and 16 . Figure] 5 is a plot of the transducer output voltage as a function of the system pressure amplitude with a constant frequency of 1·0 Hz. The data points are somewhat scattered, mainly due to the difficulty of measuring such low voltages, but indicate an approximately straight line rela tionshi p.
The variation of the error as a function of frequency for a system pressure fluctuation of 25 cm H 2 0 is shown in Figure 16 . The bridge error voltage increases gradually as the frequency increases from O· 2 to approximately 1· 0 Hz. Above this frequency, the bridge output voltage exhibited high frequency spikes superimposed on the sinusoidal signal, apparently due to the flow into the reference port becoming turbulent. The data points in the high frequency region are thus subject to some uncertainty, due to the difficulty of estimating the magnitude of the bridge output.
Discussion.
The curves of Figure 14 , in which the hot-wire effect was tested on one strain gauge, have a shape which is typical of the output voltage curves of a hot-wire anemometer. These curves are characterized by extreme sensitivity at very low air velocities, where small changes in velocity greatly affect the heat transfer from the wire, and a flat region, reaching a maximum value at high air velocities, where no further increase in heat transier can be achieved. The square law relationship between the bridge Figure  13 . The error voltage is the peak to peak value and is plotted as a function of system pressure change for a transducer excitation of 10·0 v. The Devices chamber volumes were balanced at approximately 42 ml each and the applied frequency was 1· 0 Hz. The system pressure changes shown are peak to peak values.
output voltage and the bridge excitation voltage, as shown in Figure 14 , is also to be expected, since the change in resistance is dependent upon ohmic heating of the wire and is therefore proportional to E2jR. Whilst the results in Figure 14 indicate the magnitude of the hot-wire effect which occurs when one strain gauge is subjected to uniform cooling over its entire length, conditions during normal use of the transducer are unlikely to be as extreme as this. For example, equal cooling of any two adjacent arms of the bridge circuit will result in equal changes in resistance and, hence, a cancellation of the hot-wire error. figures 15 and 16 sho,\' the errors due to the hot-wire effect which are likely to occur in practical applications of the Devices transducer. The error in this case is much smaller than that recorded in Figure 14 . As an indication of its 0·25 s:
. § 0·2 Figure  13 . The error voltages arc peak to peak values with a transducer excitation voltage of 10·0 v. The De\'ices chamber volumes were balanced at approximately 4~ ml each and the system pressure change \\as ~ij cm H 2 U peak to peak.
magnitude, an output of 0·]6 mv (at approximately 25 cm H 2 0 and 1·0 Hz, from Figures J is and 16) corresponds to a pressure difference of 1 mm H 2 0, or 10% of the full scale reading of a typical pneumotachograph. Due to the square law relationship between the hot-wire effect and the bridge excitation voltage, some reduction in the hot-wire error may be achieved by reducing the bridge excitation voltage. For example, decreasing the voltage from 10 v to i) v should reduce the error voltage by a factor of 4. The transducer sensitivity, however, is halved, so that the nett gain in accuracy is a factor of :J, giving an error of 5(j~ of full scale reading for the pressure and frequency conditions quoted in the previous paragraph. A further reduction of bridge excitation voltage would, of course, bring an additional improvement, but such a course is seldom possible, due to the loss of sensitivitv of the transducer. " Errors arising from the hot-wire effect are thus large enough to require consideration even for quite moderate ventilation pressures. When combined with the loading effect reported in the previous section, the use of a transducer such as the Devices UP1 for pneumotachography with IPPV becomes completely unacceptable. CONCLCSIOX We have previously shown (Abrahams et al. 1975 ) that many differential pressure transducers cause serious flow measuring error when used under the conditions of pneumotachography with IPPV. 'Ve have now carried out extensive testing on one of these transducers-the Devices UPl. We believe the results obtained are applicable to a wide range of differential pressure transducers and our conclusions are therefore stated in more general terms :-]. The time constant hypothesis first proposed by Kafer (1973) as an explanation of differential pressure transducer error is not valid. Systems comprising a transducer chamber and port, connecting line and pneumotachograph port behave not as time constant elements, but as volume terminated pneumatic transmission lines, in which wave propagation and reflection dominate the response. Provided the connecting line is kept as short as practicable (say 0·2 m) and the chamber volume does not exceed 42 ml, a frequency response free of error up to at least 10 Hz will be obtained. Shorter lines and/or smaller volumes will extend the response to even high frequencies.
In general, frequency response is expected to be adequate for any commonly used differential pressure measuring system. 2. A large transducer chamber volume " loads" the pneumotachograph port to which it is connected and causes a very large measuring error. The error varies with system pressure amplitude and with frequency. From the point of view of loading effect, both 42 ml and 18 ml chambers must be considered as " large". 'Ve believe that the chambers of the Greer micromanometer (1'2 ml each) are small enough for the loading error to be negligible.
Intermediate volumes have not been tested.
The nett loading error is reduced by using transducers with equal chamber volumes. However, with large chamber volumes the error cannot be eliminated, even by complete balancing of the chambers. Also, since the error is a function of both system pressure amplitude and frequency, no simple correction is possible. The use of pressure transducers with large and unequal chamber volumes apears to be a major cause of instrument error in pneumotachography with IPPV. 3. Unbonded wire strain gauges located in the reference chamber may cause measuring errors due to unequal cooling of the wires by air entering the chamber. The magnitude of the error depends on the velocity of air entering the chamber, which is a function of the rate of change of absolute pressure in the system. This error is more likely to occur when IPPV is used, i.e., when the changes in system pressure are relatively large. Although the hot-wire error for the Devices transducer was not large, it seems wise to avoid unbonded strain gauge differential pressure transducers for use with IPPV. In short, a differential pressure transducer for use in pneumotachography with IPPV should have small, equal chamber volumes, should not have unbonded strain gauges or other temperature-sensitive elements in the transducer chambers and there should be sufficient sensitivity to measure very small differential pressures. Since few transducers meet all these requirements, the user must carefully evaluate the effects of any compromise he may make. If any doubt remains, the accuracy of the system can only be ensured by testing under the actual conditions of pressure and frequency for which the equipment is to be used.
